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We demonstrate a new ultrafast pulse reconstruction modality which is somewhat reminiscent
of frequency resolved optical gating but uses a modified setup and a conceptually different recon-
struction algorithm that is derived from ptychography. Even though it is a second order correlation
scheme it shows no time ambiguity. Moreover, the number of spectra to record is considerably
smaller than in most other related schemes which, together with a robust algorithm, leads to ex-
tremely fast convergence of the reconstruction.
PACS numbers: 42.30.Wb, 42.30.Rx, 42.65.Re
Since the discovery of mode-locking and femtosecond
laser pulses, characterization of these pulses has been
an imminent task as no known detector was, and still
is, fast enough to measure such ultrashort pulses di-
rectly. In 1967 H. Weber showed that an auto-correlation
scheme together with a nonlinear process can be em-
ployed to estimate the pulse duration [1], such arrange-
ment is now classified as a second order background-free
intensity auto-correlation measurement. About 20 years
later, J.-C. Diels and coworkers introduced the second or-
der interferometric auto-correlation with the aim to not
only estimate the pulse duration but to fully characterize
the electric field of ultrashort laser pulses, e.g. their spec-
tral amplitude and phase [2]. In the following years sev-
eral further ingenious schemes were proposed and demon-
strated, such as FROG [3], STRUT [4], SPIDER [5], PI-
CASO [6], MIIPS [7] and many variations thereof. Of-
ten these modalities were first demonstrated at optical
wavelengths but were later transferred to other spectral
regions ranging from the MIR to the X-ray regime.
Here, we present a new modality for ultrafast electric
field characterization which is a modification of a phase
retrieval scheme widely used in lens-less imaging, namely
ptychography. It is related to the solution of the phase
problem in crystallography as proposed by Hoppe [8] and
was first demonstrated at optical wavelengths [9]. In pty-
chography the real space image of an object, in particu-
lar its amplitude and phase, is reconstructed iteratively
from a series of far-field diffraction measurements. Each
of those is recorded after either moving the object or the
coherent illumination beam in a plane perpendicular to
the propagation direction of the illumination beam. The
transverse shift of the illumination beam is smaller than
its spatial support, so that subsequent far-field diffraction
patterns result from different, but overlapping regions of
the real space object. The spatial resolution is limited by
the positioning accuracy, the stability of the entire setup,
but mainly by the angular range of scattered wavevectors
that can be recorded with a sufficiently high signal-to-
noise ratio. Ptychography has been proven to produce
the correct real space image if the illumination beam is
known [10], but seems to work even if the illumination
beam is unknown. In this case its profile is reconstructed
together with the real space image [11, 12].
FIG. 1. a) Schematic of a generic setup, b) flowchart of the
algorithm, and c) schematic of the setup used here.
Applying ptychography to reconstructing temporal
rather than spatial objects, requires operating in one-
dimensional space with the conjugated variables time
and frequency. In general, the one-dimensional phase re-
trieval problem is ambiguous and different solutions may
result in the same spectra. In the framework of ptychog-
raphy, however, the uniqueness of the solution in two [10]
but also one dimension [13] is warranted as long as the
illumination pulse is known. In analogy to the spatial
problem, the unknown temporal object is to be recon-
structed iteratively from a series of far-field diffraction
measurements, i.e. spectra. Each of those is recorded
after delaying the coherent illumination pulse with re-
spect to the temporal object with the time delay being
smaller than the temporal support of the illumination
2pulse. That is, subsequent spectra result from differ-
ent but overlapping parts of the unknown temporal ob-
ject. The temporal resolution is primarily limited by the
range of spectral amplitudes which can be recorded with
a sufficiently high signal-to-noise ratio. Recently, we have
shown that ptychography can indeed be applied to recon-
struct temporal objects if the illumination pulse is fully
characterized [14]. Here, we show that the concept can
be extended to ultrafast pulse characterization where the
illumination pulse is in principle unknown but derived
from the also unknown input pulse.
The basic scheme is illustrated in Fig. 1a). The un-
known input pulse is divided in two replicas by a beam
splitter. The reflected replica, i.e. the temporal object
E(t), propagates via mirrors to the nonlinear crystal.
The transmitted replica, i.e. the illumination pulse P (t),
passes through a spectral bandpass filter, is delayed in
time, and overlapped with E(t) in the nonlinear crystal.
The resulting sum-frequency light, i.e. E(t)P (t − τ), is
analyzed by a spectrometer. While the setup is similar
to a second harmonic FROG [3], except for the spec-
tral bandpass, the data processing and the phase recon-
struction algorithm is conceptually very different. The
reconstruction algorithm, which is derived from the pty-
chographic iterative engine [15], is schematically depicted
in Fig. 1b). Its task is to determine the unknown elec-
tric field E(t) of the input pulse from a sequence of N
sum-frequency spectra Sn(ω) recorded at different time
delays τn between E(t) and P (t), with n = 1 . . .N . As
a starting point for the reconstruction algorithm we as-
sume white noise for the electric field, i.e. Ej=1,n=0(t),
and the time delayed inverse Fourier transforms of the
spectral bandpass filter T (ω) for the initial illumination
pulses Pj=1,n(t − τn). In every iteration j all measured
spectra Sn(ω) are processed. For ascending n the algo-
rithm calculates the exit field ξj,n(t) for a particular time
delay τn between the illumination pulse Pj,n(t− τn) and
the current estimate of the pulse’s electric field Ej,n−1(t)
ξj,n(t) = Ej,n−1(t) Pj,n(t− τn). (1)
From ξj,n(t) we calculate the Fourier transform ξj,n(ω)
and replace its modulus by the square root of the cor-
responding spectrum Sn(ω) while preserving its phase.
After an inverse Fourier transformation the new function
ξ′j,n(t) differs from the initial estimate and the difference
is used to update the current estimate of the electric field
Ej,n(t) = Ej,n−1(t) + β Uj,n(t− τn)
×[ξ′j,n(t)− ξj,n(t)] (2)
with the weight or window function
Uj,n(t) =
|Pj,n(t)|
max(|Pj,n(t)|)
P ∗j,n(t)
|Pj,n(t)|2 + α
(3)
and the two constants α < 1 and β ∈ ]0 . . . 1]. Be-
fore proceeding with the next iteration j + 1 we set
Ej+1,n=0(t) = Ej,n=N (t) and update the illumination
pulse according to
Pj+1(t− τn) = F
−1
[
Ej,n=N (ω) T (ω) e
i(ω−ω0)τn
]
. (4)
Updating Pj,n(t) is not part of the original ptycho-
graphic reconstruction algorithm but is crucial here to
achieve convergence. The best approximation to the ac-
tual input pulse appears typically after only a few itera-
tions j.
The ptychographic scheme is different from other phase
reconstruction modalities, such as principal components
generalized projection [16] or blind deconvolution [17]. 1)
Through α the update function can be adjusted for differ-
ent signal-to-noise levels. 2) There is no time ambiguity
in the measurement, because the bandpass filter breaks
the symmetry. 3) The time delay increment is not related
to the desired temporal resolution or the wavelength sam-
pling of the spectrometer, but only to the duration of
P (t). The time delays must not even be equidistant. 4)
Typically, only a few spectra have to be recorded. For
example, assume an illumination pulse of 1 ps duration
and a temporal support of E(t) of 0.5 ps; with a 10%
overlap between successive measurements, three spectra
recorded for time delays of −0.9 ps, 0 ps, and 0.9 ps are
sufficient to reconstruct E(t). 5) The small number of
spectra to process and the robust algorithm result in an
extremely fast convergence of the retrieval algorithm.
Before performing experiments we ran simulations
with the aim to identify the optimal experimental pa-
rameters, i.e. the bandpass filter, the time delays τn, and
the number of spectra N to record, as well as the opti-
mal reconstruction parameters, i.e. α and β. We found
that the bandpass filter should be centered at the laser’s
baseband frequency and its width should be less than
half of the laser’s bandwidth. Smaller widths yield faster
convergence, however, at the expense of signal strength.
The spectral width of the bandpass then determines the
full width at half maximum of the illumination pulse,
i.e. FWHM{P (t)}. The time delay increment should
be approximately 0.5 · FWHM{P (t)}. At this point it
is important to note that the time delay is related to
the temporal duration of the illumination pulse and not
determined by the sampling of the spectrogram, as it is
the case for example in FROG. Conversely, the tempo-
ral resolution is determined by the largest spectral side-
bands which can be detected with a sufficient SNR. In
the reconstruction the choice of α is determined mostly
by the signal-to-noise ratio (SNR) and β by the illumina-
tion pulse duration and the time delay. A suitable value
for α was determined by analyzing the rms error (rms
refers to the root mean square difference between theoret-
ical and reconstructed spectrogram) for sets of simulated
3noisy spectra as a function of α ∈ [0 . . . 1] and the SNR.
For a measured SNR of > 500, α ≈ 0.2 leads to the small-
est rms. Similarly, the value for β ≈ 0.5 was determined
by analyzing the rms error as function of β ∈ ]0 . . . 1] and
the ratio of the time delay increment and the illumina-
tion pulse duration. We would like to emphasize that α
as well as β can be varied within a wide range of values,
i.e. α = 0.05 . . .0.5 and β = 0.2 . . .0.9, the final result
does not change, however, the rate of convergence may
slow down.
In order to vary all parameters in the most flexible way
we demonstrate the principle with a setup that allows
for individually tailoring both replicas of the incident
pulse. A schematic of the experimental setup is shown in
Fig. 1c). The pulse source is an 80 MHz Ti:sapphire oscil-
lator which delivers 80 fs pulses centered at 800 nm. The
first two-dimensional spatial light modulator (SLM1) is
loaded with a binary hologram to diffract the incoming
beam to the plus and the minus first diffraction orders
and replaces the beam splitter in Fig. 1a). Both repli-
cas can be independently modulated by a pulse shaping
apparatus [18], which includes a second two-dimensional
spatial light modulator (SLM2), and are subsequently fo-
cused to a 100 µm thick beta-bariumborate crystal where
the exit field, i.e. the product field, is produced through
sum-frequency generation. The resulting spectra are cen-
tered at 400 nm and are analyzed by a spectrometer cov-
ering the range of 300 nm to 545 nm with a resolution
of 0.18 nm. That is, the spectrometer range is approxi-
mately ±100 nm around the center wavelength (400 nm)
which yields a minimum theoretical temporal resolution
of the measurement apparatus of approximately 5 fs. For
FROG measurements the same phase modulation is ap-
plied to both replicas. One of them is time delayed in in-
crements of 20 fs and a total of 301 spectra are recorded.
In ptychography we also imprint the same phase modu-
lation to both replicas but in addition we spectrally filter
one of them. The bandpass is programmed to have a rect-
angular transmission characteristic with a width of 3 nm
centered at 800 nm. The filtered replica is time delayed
in increments of 300 fs and 11 spectra are recorded.
Figure 2 shows the retrieved spectral amplitude (red
curves) and phase (blue curves) for a second order phase
of φ2 = −10
4 fs2 and a third order phase of φ3 = 5 ·
105 fs3, respectively. Ptychography recovers both the
absolute value and the sign of the spectral phase correctly
and the agreement with the measured amplitude and the
programmed phase is good. Note that a small absolute
phase offset was introduced between the theoretical and
the reconstructed phases for better comparison. Since
the scheme is somewhat reminiscent to a SHG FROG
arrangement, we compare our results in the following to
those obtained by an SHG FROG.
Next, we analyze different combinations of second,
third, and fourth order phase contributions and the re-
sults of the ptychographic and the FROG retrievals are
FIG. 2. Spectral amplitude (red curves) and phase (blue
curves) for a) a second order phase of φ2 = −10
4 fs2 and b) a
third order phase of φ3 = 5 · 10
5 fs3. The solid curves repre-
sent the measured spectral amplitudes and the programmed
phases and the dashed curves the retrieved amplitudes and
phases.
TABLE I. Columns 1 to 3 show the programmed second,
third, and fourth order phases. The numbers given (−1,
0 , 1) have to be multiplied by 104 fs2, 2.5 · 105 fs3, and
5 · 106 fs4 for the second, third, and fourth order phase, re-
spectively. Columns 4 to 6 show results of the FROG retrieval
and columns 7 to 9 results from the ptychographic scheme.
target FROG Ptychography
φ2 φ3 φ4 φ2 φ3 φ4 φ2 φ3 φ4
0 1 0 0.05 1.18 -0.18 0.05 1.15 -0.13
0 0 1 0.01 -0.09 0.97 0.02 0.07 0.84
1 0 -1 0.93 0.04 -0.90 0.90 -0.01 -0.90
1 1 -1 0.81 0.83 -0.85 0.94 1.04 -0.75
-1 -1 1 -0.90 -1.12 1.09 -1.03 -1.01 0.88
1 -1 -1 1.08 -0.83 -0.93 1.05 -0.94 -1.03
summarized in table 3. The second, third, and fourth
order phases were φ2 = ±10
4 fs2, φ3 = ±2.5 · 10
5 fs3,
and φ4 = ±5 · 10
6 fs4, respectively. When disregarding
the sign issue, we find that both, FROG and ptychogra-
phy, produce correct values for the six different combina-
tions of φ1,2,3 tested. Lastly, we investigated a sinusoidal
phase modulation, i.e. φ(ω) = A sin[(ω − ω0)T + ϕ].
Figure 3 shows the results for A = 2.41, T = 350 fs, and
ϕ = 0, pi/2, pi, 3pi/2. The top row shows the measured and
the second row the reconstructed FROG spectrograms.
The third and the fourth row show the measured and
the reconstructed ptychographic spectrograms. For both
modalities, we find excellent agreement between the mea-
sured and the reconstructed spectrograms. Note, that
only a small subset of spectra displayed here, i.e. 11 out
of 301, is used for the ptychographic reconstruction.
Fig. 4 shows the reconstructed phases for (a) FROG
and (b) ptychography for the data in Fig. 3. While
FROG can distinguish between a sinusoidal (ϕ = 0) and
a co-sinusoidal (ϕ = pi/2) phase oscillation but not be-
4FIG. 3. The measured (first row) and the reconstructed (sec-
ond row) FROG spectrograms and the measured (third row)
and the reconstructed (fourth row) ptychographic spectro-
grams. From the first to the fourth column the absolute phase
changes, i.e. ϕ = 0, pi, pi/2, 3pi/2.
tween two sin(cosin)usoidal phase oscillations with op-
posite sign, i.e. ϕ = 0, pi (ϕ = pi/2, 3pi/2), ptychography
can differentiate between all four absolute phases.
FIG. 4. Oscillatory phases reconstructed from a) FROG and
b) through ptychography.
In conclusion, we have demonstrated a new modality
for ultrashort pulse reconstruction based on a retrieval
algorithm derived from ptychography which — despite
being second order — shows no time ambiguity, requires
to record only a small number of spectra, converges ex-
tremely fast and reliable, and can be easily extended to
other nonlinear processes.
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